Single-cell RNA-seq has become routine for discovering cell types and revealing cellular diversity, but currently no high-throughput platform has been used successfully on archived human brain samples. We present STRT-seq-2i, an addressable 9600-microwell array platform, combining sampling by limiting dilution or FACS, with imaging and high throughput at competitive cost. We applied the platform to fresh single mouse cortical cells and to frozen post-mortem human cortical nuclei, matching the performance of a previous lower-throughput platform.
Single-cell RNA sequencing has become the method of choice for discovering cell types 1,2 2 and lineages 3-5 , and for characterizing the heterogeneity of tumors 6,7 and normal tissues such 3 as lung 8 and the nervous system 9 . Protocols with high levels of accuracy, sensitivity and 4
throughput are now available commercially and from academia. Commonly used platforms 5 include valve microfluidic devices 10,11 , microtiter plate formats such as SMART-seq2, 6
MARS-seq, CEL-seq2 and STRT-seq [11] [12] [13] [14] , as well as droplet microfluidics [15] [16] [17] . 7 8
An ideal platform should combine high throughput, low cost and flexibility, while 9 maintaining the highest sensitivity and accuracy. Desirable features include imaging of each 10 individual cell (e.g. to identify doublets and to measure fluorescent reporters), flexibility to 11 sort cells (e.g. by FACS) and to combine multiple samples in a single run. While current 12 valve microfluidics and microtiter plate-based formats meet most of these requirements, they 13 are often expensive and low throughput. In contrast, droplet microfluidics achieve very high 14 throughput and low cost per cell, but at the expense of flexibility. In particular, multistep 15 protocols present a challenge to droplet-based systems, do not permit imaging and typically 16 do not scale well to a large number of samples (as opposed to cells). 17 18
The adult human brain poses a particular challenge for single-cell genomics. With few 19 exceptions, samples from human brain are only available in the form of frozen post-mortem 20 specimens. Although good human brain banks exist, where the postmortem interval has been 21 minimized and RNA of high quality can be extracted, it is not possible to obtain intact whole 22 cells from such materials. Somewhat surprisingly, it has been shown that nuclei can be 23 sufficient to derive accurate cell type information 18 , including from frozen human brain 24 specimens 19 . However, nuclei have not yet been successfully analyzed on high-throughput 25 platforms such as droplets or microwell arrays. 26 27
To meet these challenges, we developed an addressable nanoliter-volume microwell array 28 platform compatible with our previously described STRT-seq chemistry, which is sufficiently 29 sensitive to analyze both whole cells and nuclei. We designed a custom aluminum plate with 30 outside dimensions conforming to standard microtiter plates, but with 9600 wells arranged in 31 96 subarrays of 100 wells each (Fig. 1a ). The wells were designed with a diameter and 32 spacing large enough to be addressable by a microsolenoid nanodispenser capable of 33 depositing as little as 35 nL per well. With a maximum well volume of 1 µL, this facilitates 34 efficient multi-step protocols that include separate lysis, reverse transcription and PCR steps 35
with sufficient dilutions to avoid inhibition of later steps by the reagents used in previous 36 steps. We modified and extensively reoptimized our 5ʹ STRT-seq method ( Fig. S1 ) by 37
introducing an additional level of indexing ('dual index'), to allow multiplexing first within 38 each subarray and then across the whole plate. Sequencing libraries were designed for single 39 rather than paired-end reads, contributing to a competitive per-cell cost of the method. 
51
The addressable microwell array format allows the user to process multiple samples per plate 52 in parallel, and includes an imaging checkpoint for single-cell positive wells. Cells can be 53 deposited by limiting dilution or by FACS, yielding up to ~3000 or ~7500 single cells per 54 plate, respectively, and multiple plates can be prepared at once and frozen for later 55 processing. 56 57
To adapt 5' STRT-seq (also known as C1-STRT 11 ) for dual indexing (STRT-seq-2i), we 58 optimized all key steps of the protocol, including cell lysis ( In order to validate the method, we first measured its technical performance ( Fig. 1b-f Next, to assess possible cross-contamination between wells and subarrays, we performed 74 mixed two-species experiments with human (Hek293) and mouse (mES) or human and 75 chicken (DF-1) cells. Approximately 7% (mouse) or 5% (chicken) of wells contained 76 molecules stemming from both species at roughly equal ratios, indicating true doublet wells 77
( Fig 1e-f, Fig. S3b ). These doublets were likely due to inefficient detection of poorly stained 78 cells by imaging, since post-analysis manual inspection of putative doublet wells could not 79 confirm the doublets. In contrast, background reads from the other species in single-cell wells 80 was low (average 37 molecules). Therefore, ambient RNAs in the suspensions or cross-81 contamination occurring further downstream (e.g. during barcode indexing steps or library 82 preparation), all contributed little to final mRNA counts. 83 84
In order to assess the performance of different cell deposition strategies, we first dispensed 85 cells using limiting dilution, i.e. loading an average of one cell per well. We designed 32 86 barcodes, to allow recovery of up to 32 wells per subarray or 3072 total (slightly below the 87
Poisson limit of 3552 cells). In practice, we observed an average single-cell fill rate of almost 88 2500 cells per plate ( Fig. 1g , Table S1 ). In order to improve yield per plate, we used FACS to 89 sort cells directly into the wells. In this mode, with optimal sorting parameters, we were able 90
to get 86% single cells ( Fig. 1h ), or more than 8,000 cells per plate, although sorting that 91 many cells was a slow process (see Methods). FACS also has other advantages, e.g. it can 92 reduce the incidence of doublets, can be used to focus on desired rare subpopulations, and to 93 link molecular surface properties to each individual cell by index sorting. To ensure the 94 accuracy of FACS dispensing, we sorted cells in a checkerboard pattern, showing a 95 deposition error rate of 4.1% of total addressed wells ( Fig. 1i ). 96 97
Applying the method to mouse somatosensory cortex (S1 region), in five independent 98 experiments, we selected approximately 2200 cells ( Fig. 2a ). Biclustering with BackSPINv2 99 algorithm 9 resolved the structure of subclasses to a similar level as reported previously ( Fig  100  2a , Fig. S4 ). We detected all major cell types, including excitatory and inhibitory neurons, 101 oligodendrocytes, astrocytes, endothelial cells, microglia and ependymal cells. We also 102 detected known subtypes. For instance, pyramidal neurons formed distinct clusters that 103 showed layer-specific expression profiles (Fig 2b- detected in a much larger dataset). Further, the full oligodendrocyte lineage was present and 108 previously described markers (eg. Pdgfra, Itpr2 and Apod) 9 could be related to the maturation 109 process from OPC to myelin-forming oligodendrocyte (MFOL) ( Fig S4) . Human Brain Atlas. The outermost layers I and VI are indicated by strokes. Image credit: 122
Allen Institute. 123 124
To test the versatility and sensitivity of the platform, we next used neuronal (NeuN+ FACS-125 sorted) nuclei isolated from a frozen post-mortem human middle temporal gyrus specimen. In 126 a single experiment, we obtained 2028 nuclei. Despite shallow sequencing (mean <62 000 127 reads per cell, Fig. S5 ), BackSPINv2 hierarchical clustering revealed eleven distinct 128 glutamatergic and GABAergic cell types (Fig. 2d ). These were characterized by exclusive or 129 combinatorial expression of genes ( Fig. 2e ), and validated by comparison with Allen Human 130
Brain Atlas 21 (Fig. 2f ). To our knowledge, this makes STRT-seq-2i the only current high-131
throughput platform amenable to single-nuclei RNA-seq in human postmortem tissue. 132
133
In summary, STRT-seq-2i is a flexible and high-throughput platform for single-cell RNA-seq. 134
It retains many of the advantages of STRT-seq, such as the use of unique molecular 135 identifiers (UMIs) for absolute quantification, and single-read rather than paired-end 136 sequencing for lower cost. But the transition to an addressable microwell format confers 137 additional benefits. First, we gained the flexibility to deposit cells by dilution or by FACS, 138
including by index sorting to track molecular surface properties of each cell and link them to 139 the final data. We can freely deposit multiple samples (up to eight, currently) on each plate, 140
and thereby optimize the allocation of sequencing power in complex experimental designs, 141
something which is difficult using droplet microfluidics. Second, the plate is compatible with 142 imaging, so that single-cell wells could be verified (albeit currently with a significant false 143 negative rate due to imperfect cell staining), and fluorescent reporters can be linked to the 144 final expression profile of each single cell. Third, plates can be filled, frozen -and optionally 145
shipped -for processing at a later time ( Fig. S1a-b Postmortem human brain tissue was provided to the Allen Institute for Brain Science by the 171
San Diego Medical Examiner's (SDME) office after obtaining permission for tissue 172 collection from decedent next-of-kin. Tissue specimens were de-identified and assigned a 173 numerical ID, and the Allen Institute for Brain Science obtained the tissue under a legal 174 agreement that prevents SDME from sharing the key to the code or any identifying 175 information about tissue donors. The collection and use of postmortem human brain tissue for 176 research purposes was reviewed by the Western Institutional Review Board (WIRB). WIRB 177 determined that, in accordance with federal regulation 45 CFR 46 and associated guidance, 178 the use of and generation of data from de-identified specimens from deceased individuals 179 does not constitute human subjects research requiring IRB review. All tissue collection was 180 performed in accordance with the provisions of the Uniform Anatomical Gift Act described in 181
Health and Safety Code § § 7150, et seq., and other applicable state and federal laws and 182
regulations. The tissue specimen used in this study was pre-screened for known 183 neuropsychiatric or neuropathological history, and underwent routine serological testing and 184
screening for RNA quality (RNA integrity number ≥7).
186
Single cell suspension from mouse cortex 187
Single cell suspensions from adolescent mouse cortex were generated as described before 9 . 188
Briefly, mice were anesthetized with isoflurane, perfused with ice-cold aCSF and brains 189 collected. Brains were then sectioned using a vibratome or brain matrix and the 190 somatosensory cortex was microdissected. Single cell suspensions were generated using the 191 Worthington Papain dissociation system, with modifications as described 9 . 192 193
Isolation, sorting and processing post-mortem adult human neuronal nuclei. 194
Nuclei were isolated from a -80°C frozen tissue piece taken from the middle temporal gyrus 195 of the cerebral cortex using Dounce homogenization, as described before 26 the plate were created. Using the symmetric plate design, it was then turned 180˚ to fill the 237 full 9600-well plate. Layouts were aligned prior to each particular experiment using a dumb 238 plate covered with thin film, to monitor the position of 3-5 drops of Accudrop fluorescent 239 beads. Given these limitations, we estimate a total plate fill time of below 1.5 hours. 240 241
Imaging and Cell selection 242
For correct imaging positioning, fiducial fluorescent stain or highly concentrated stained cell 243 suspension was dispensed to corner wells during cell dispense (MSND) or before FACS sort. 244
The dispensed plate was sealed with MicroAmp Optical Adhesive Film (Applied 245 Biosystems), centrifuged 3min at 200g and mounted upside-down on automated Nikon 246 ECLIPSE Ti. All wells were imaged in FITC channel, using a 4x objective (4-by-4 wells per 247 frame). Imaging took less than 15 minutes, during which the plate was cooled using ice packs, 248
and then immediately placed on ice during image analysis ( Fig. S1a Alt A) , or frozen on -249 80°C ( Fig. S1a Alt B If the plate had been stored on dry ice or at -80°C for later processing (Fig. S1a Alt B generated, expected to start with a 6 bp UMI, followed by 3 guanidines, and the 5' transcript. 316
The two index reads of 8 and 5 bp corresponded to Index 1 (subarray barcode) and Index 2 317 (well barcode), respectively. 318 319
Data analysis 320
Reads flagged as invalid by the Illumina HiSeq control software were discarded. In the 321 remaining reads, any 3′ bases with a quality score of B were removed. If any of the six UMI 322 bases in the 5' end had a Phred score <17 the read was discarded, else the UMI was cut away 323 and saved. The following three bases had to be G for the read to be kept. These, as well as 324 any additional up to totally nine (presumably template-switch derived) G:s were cut away. 325
Reads were discarded if the remaining transcript-derived sequence ended in a poly(A) 326 sequence leaving <25 bases, or if the remaining sequence consisted of fewer than six non-A 327 bases or a dinucleotide repeat with fewer than six other bases at either end. The reads were 328 sorted by the well, as defined by the combined two index read barcodes. 329
Alignment was performed using the Bowtie aligner 27 , allowing for up to three mismatches 330 and up to 24 alternative mappings. Reads with no alignments were realigned against an 331 artificial chromosome, containing all possible splice junctions arising from the exons defined 332 by the UCSC transcript models 28 . The coordinates of aligned splice junctions were translated 333 back to the corresponding genomic positions. 334
For expression level calculation, the exons of each locus with several transcript variants were 335
merged to a combined model representing total expression of the locus. To account for 336 incomplete cap site knowledge, the 5′ ends of all models were extended by 100 bases, but not 337
beyond the 3′ end of any upstream nearby exon of another gene of the same orientation. 338
The annotation step was performed separately for each well. For each genomic position and 339 strand combination the number of reads in each UMI was counted. Any multiread that 340 mapped to some repeat outside exons was assigned randomly as one of these repeats and did 341 not contribute to the transcript corresponding to the exon. Else, if the multiread mapped to 342 some exon, and not to any repeat outside exons, it was assigned to the exon where it was 343
closest to the transcript model 5′ end. If it had no exon mapping, it was assigned randomly at 344 one of the mappings. The total number of molecules at each mapping position was 345 determined by the number of distinct UMIs observed. Any UMI represented by only a single 346 read was excluded, in order to reduce false molecules due to PCR and sequencing errors. The 347 raw UMI count was corrected for the UMI collision probability as described 29 . 348
The human nuclei samples were analyzed similarly, but all reads mapping anywhere within 349 the whole locus, defined as the region (including actual introns) from the start of the 100 base clustering results and separation of cells to neurons and non-neurons. Clusters that showed no 362 specific marker, interpreted as low quality, and cells originating from a Hek293 sample 363 (Table S1) clusters, we excluded 12 clusters for which no specific marker was obtained and merged 368 some of the remaining 23 clusters into final 13 clusters ( Fig S4b) . (b) For only non-neurons 369 the same BackSPINv2 parameters resulted in 33 clusters, we excluded 7 clusters without 370 specific marker and merged some of the remaining 26 clusters into 17 final clusters ( Fig S5) . 371 tSNE projection 30 was used for visualization only. We used the following parameters: 410 372 genes, perplexity 20, PCA components 20, epsilon 100, distance correlation number of 373 iterations 1000 (Matlab code https://lvdmaaten.github.io/tsne/). In the heatmap ( Fig S4) For visualization, we selected top enriched genes, as described above. tSNE visualization was 387 run as above, with the following parameters: initial PCA dimension = 20, perplexity = 2, 388 epsilon = 100, correlation as distance, maximum iterations = 1000. 389 390
Two-species analysis 391
A combined two-species bowtie-1 27 alignment index was constructed from transcript models 392 as defined by the UCSC refFlat table data 31 . In order to obtain equally-sized and similar 393
representations of the two transcriptomes to compare, we naively restricted the analysis to the 394 transcripts that had identical names in the two species (disregarding upper/lower case). 395
Illumina HiSeq reads were processed as follows: Reads ending in a poly(A) sequence leaving 396 less than 25 alignable 5' bases were discarded. Any 3' bases with a quality score of B were 397
removed. If the remaining sequence consisted of fewer than six non-A bases or a dinucleotide 398 repeat with fewer than six other bases at either end, the read was discarded. 399
The filtered reads were aligned to the bowtie-1 index allowing for up to 3 mismatches. A read 400 was considered unequivocally belonging to a species and counted if it had a perfect match to 401 a transcript of that species, but no match in the other species, also when allowing up to 3 402 mismatches. Molecule counts were obtained as the number of distinct six nucleotide long 403 unique molecular identifiers (UMIs) of the reads aligned at each position. UMIs represented 404 by a single read were not counted, since our previous experiments have shown that these to a 405 large extent are artifacts stemming from PCR and sequencing errors and result in 406 overestimates of molecule counts. 407 408 409 
